Abstract: In this study, we performed a downscaling of an ECHAM5 simulated dataset for the current and future climate produced under the Special Report on Emission Scenarios A1B (SRES A1B) by utilizing the National Centers for Environmental Prediction (NCEP) Regional Spectral Model (RSM). The current climate simulation was performed for the period 1980-2000 and the future climate run for the period 2040-2070 for the COordinated Regional climate Downscaling EXperiment (CORDEX)'s East Asia domain. The RSM is properly able to reproduce the climatological fields from the evaluation of the current climate simulation. Future climatological precipitation during the summer season is increased over the tropical Oceans, the maritime-continent, and Japan. In winter, on the other hand, precipitation is increased over the tropical Indian Ocean, the maritime-continents and the Western North Pacific, and decreased over the eastern tropical Indian Ocean. For the East Asia region few significant changes are detected in the precipitation climatological field. However, summer rainfall shows increasing trend after 2050 over the region. The future climate ground temperature shows a clear increasing trend in comparison with the current climate. In response to global warming, atmospheric warming is clearly detected, which strengthens the upper level trough.
Introduction
The impacts of future climate change have been intensively studied with great interest in many fields such as hydrology (Cohen et al., 2000; Gosain et al., 2006; Menzel et al., 2006; Yaning et al., 2006) , water resource management (Krasovskaia, 1995; Risbey and Entekhabi, 1996) , agriculture (Darwin et al., 1995; Adams et al., 1998; Selvaraju, 2003) , forestry (Kirilenko and Solomon, 1998) , flood (Mirza et al., 1998; Reynard et al., 1998; Miller et al., 2004) , drought (Vicente-Serrano and Lopez-Moreno, 2006) , human and animal populations (Brotton and Wall, 1997; Ferguson, 1999) and their health (Tyler, 1994; Hamilton, 1995; Pounds et al., 1999) . A proper assessment of probable future climate and its variability is to be made for various climate scenarios. These scenarios refer to plausible future climates which have been constructed for explicit use in investigating the potential consequences of anthropogenic climate change and natural climate variability (Anandhi et al., 2008) . The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) presented the results of simulations of future global climate scenarios (IPCC, 2007) . These simulations used six Special Report on Emissions Scenarios (SRES) emission profiles, A1FI, A1T, A1B, A2, B1, and B2, in conjunction with considerations of socio-economic factors including population density, economic growth, energy use efficiency, and scientific and technological developments.
Global climate models (GCMs) have been widely used to produce long-term homogeneous predictions under aforementioned future climate change scenarios. However, due to their low special resolution (generally >100 km) GCMs cannot be used directly for climate impact assessment on a local scale. Thus, downscaling is performed either by statistical methods (Kwadijk and Rotmans, 1995) , or by nesting a regional climate model (RCM) in the GCM over the domain of interest (Giorgi et al., 1997; Hong and Leetmaa 1999; Kleinn et al., 2005; Yhang and Hong 2008; Hurkmans et al., 2010; Hong et al., 2010; Sun et al., 2011; Oh et al., 2011) .
In this study, we perform dynamical downscaling by utilizing the National Centers for Environmental Centers (NCEP) Regional Spectral Model (RSM; Juang et al. 1997 ) from the projected simulation of the European Centre Hamburg Version 5 (ECHAM5) model for current climate and future climate (2038-2070) which follows the A1B scenario over the COordinated Regional climate Downscaling EXperiment (CORDEX) domain, which covers East Asia, the Indian and western Pacific Oceans, and the northern Australia (see Fig. 1 ). These regions in CORDEX domain are reported that they have significant direct/remote effects on changes of the East Asian monsoon system (Cha, 2007; Lee et al., 2007) . Through a comparison of these two period runs, future climate changes of precipitation, temperature, geopotential height and wind fields are discussed with respect to current climate over East Asia.
The organization of this paper is as follows: Section 2 describes the experimental design. Section 3 provides evaluations of the downscaled results from RSM for current climate. Section 4 describes future climate changes in comparison with current climate. Section 5 provides a summary and conclusions.
Experimental Design
The NCEP RSM is the model used in this study. A detailed model description and its application to regional climate are provided by Juang et al. (1997) and Hong and Leetmaa (1999) , respectively. The spectral representation of the RSM is a two-dimensional cosine series for perturbations of pressure, divergence, temperature, and mixing ratio. A two dimensional sine series is used for the vorticity perturbation field. Linear computations, such as horizontal diffusion and semi-implicit adjustment, are only considered as perturbations. Therefore, the error due to the reevaluation of the linear forcing from the base fields by the regional model is eliminated. An addition to Hong and Leetmaa (1999) is a revised nonlocal diffusion scheme, the Yonsei University (YSU) scheme (Hong et al., 2006) . As a spectral nudging technique, the revised Scale Selective Bias Correction (SSBC) method is applied. The SSBC (Kanamaru and Kanamitsu, 2007; Kanamitsu et al., 2010) was revised by Chang and Hong (2011) to consider a vertically weighted damping coefficient, which gives more freedom in the lower atmospheric levels. This model has been widely evaluated over East Asia and produced successful results in reproducing summer monsoon precipitation over the region (Yhang and Hong, 2008; Kanamitsu et al., 2010) . It has been employed as a useful research tool in understanding precipitation mechanisms embedded within the East Asian monsoon (Kang and Hong, 2008; Koo and Hong, 2010) . Figure 1 shows the simulation domain of the RSM, which is the CORDEX East Asian domain with a horizontal grid spacing of approximately 50 km (0.44 degrees). The number of grid points is 241 (west-east) by 198 (north-south). The number of vertical layers is 28 on terrain-following sigma coordinates. European Centre Hamburg Version 5 (ECHAM5; Roeckner et al., 2003) model simulations which have a spatial resolution of T63 (corresponding to a resolution of 1.875 o ×1.875°) for current and future climate are used for atmospheric initial and lateral boundary data. ECHAM5 future climate simulation follows the A1B scenario of IPCC AR4. The IPCC A1B scenario is a continuation of the historic anthropogenic simulation reflecting a future scenario with an integrated world that is growing quickly with a global population that reaches 9 billion in 2050 and then gradually declines, which is converging socially and economically across regions (Stott et al., 2006) . The RSM is integrated during 23-years from 1978 to 2000 for current climate (hereafter; RSM_20C) and 33-years from 2038 to 2070 for future climate (hereafter; RSM_A1B). The first 2 years of each simulation are considered as spin-up, and they are excluded for analysis. Model simulated precipitation of current climate is compared with the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin, 1997) . The Climate Research Unit (CRU) precipitation data (Mitchell and Jones, 2005) is also used to evaluate model simulated precipitation over continental regions. The CRU precipitation data is a monthly, station based data set with a resolution of 0.5 o ×0.5 o (http://www.cru.uea.ac.uk/ cru/data/hrg/cru_ts_2.10).
Evaluation of Current Climate Run
In this section, assessment of the RSM downscaled fields is performed to confirm that the RSM can properly reproduce current climate. When the regional climate model presents evidence of skillful simulation, comparisons between the produced future climate results with the simulated current climate fields are meaningful. Figure 2 shows the seasonally averaged precipitation fields from the CMAP observation and the RSM_20C runs for June-July-August (JJA) and December-January-February (DJF) during the analysis period . Note that the DJF of a given year means the period from December of that year to February of the next year. The observed feature in JJA shows the tropical rainfall bands over the Bay of Bengal, the South China Sea, and the equatorial western Pacific. The East Asian summer monsoon rainfall band is shown over southern China, the Korean peninsula, and Japan (Fig. 2a) . The intensities of the simulated rainfall from the RSM_20C run for JJA are stronger than those of the CMAP observation (Fig. 2b) , but the overall features of the RSM_20C simulation are similar to the observation. Observed precipitation bands in DJF are dominant over the tropical regions of the Southern Hemisphere, which are the southern Indian Ocean, the northern Australian maritime and the southwestern Pacific region (Fig.  2c) . Simulated precipitation from the RSM_20C run in DJF is stronger over the southern tropical maritime. Simulated East Asia winter monsoon precipitation which extends from the Eastern China Sea to Japan is excessive compared to the observation (Fig. 2d) . Figure 3 presents the same comparison of precipitation patterns shown in Figure 2 , but the CMAP observation is replaced by the CRU dataset. The CRU observation is available only over continents. However, it has higher spatial resolution (0.5 o ×0. precipitation of the CRU has stronger intensities than in the CMAP observation. It is shown that strong rainfall patterns are detected over the western side of India and Indochina for both the CRU and the RSM_20C run, which is not distinctly detected in CMAP. For the boreal winter season, the CRU dataset shows a larger precipitation amount than the CMAP data over the maritime-continent region. These comparisons of simulated precipitation with the CRU observation support that the strong precipitation from the RSM_20C run with respect to the CMAP data is caused by the higher resolution of the regional model and it is not erroneous, even though the simulated precipitation is still stronger than the CRU observation.
Evaluation of the simulated precipitation from RSM_20C, which is presented above, is summarized in Table 1 . The pattern correlations (PC) and root mean square error (RMSE) scores show that the RSM runs are better for winter season for both of the observation datasets, and the observed precipitation features are sufficiently explained by the downscaled fields. Assessments for ground temperature at the 2 m level are also given in Table 1 . Simulated ground temperature in DJF is better than in JJA, but the JJA simulation is quite good, with a correlation of 0.93 with respect to the CRU dataset. The RMSEs of ground temperature are slightly large, at 3.47 and 4.47 for JJA and DJF, respectively. A large portion of the temperature bias to the observations is found over the Tibetan Plateau. The PC and RMSE scores are improved when this region is excluded for evaluation (given in parentheses in Table 1 ).
Evaluations of other atmospheric fields are also performed (Table 2 ). PC and RMSE scores are calculated for wind speed, temperature and geopotential height fields at 850, 500 and 200 hPa levels. In the mid and upper levels, these atmospheric fields are well reproduced as all the PCs are over 0.95. Simulated fields in the lower level are also well downscaled, even though the PCs are smaller than those of the upper atmosphere. If these scores are compared to those of Chang and Hong (2011) , one can find that these scores indicate the good performance of the RSM simulation.
Future Climate Changes
Analyses of projected future climate downscaled by the RSM from the ECHAM5 simulation for the A1B emission scenario are performed from 2040 to 2070. Figure 4 shows the mean field changes of sea surface temperature (SST) between the simulated current and future climates. For JJA and DJF, the entire maritime region shows warming trends for mean fields. It is shown that SSTs over East Asia are much impacted by global warming for both the summer and winter seasons. Particularly, the summer SST increments around Korea and Japan are much stronger than those of other oceans. Figure 5 shows the seasonally averaged precipitation field of the RSM_A1B run for JJA and DJF. General features of precipitation in the summer and winter seasons are not much different from those of the 20C run. To identify future climate changes with respect to current climate, the differences of mean precipitation between the RSM_A1B run and the RSM_20C run are presented in Fig. 5(c, d) . In the summer season (JJA), the rainfall increase is clearly seen over the Indian Ocean, the Borneo Sea, the western equatorial Pacific, and Japan. In DJF, precipitation is increased over the tropical Indian Ocean, the maritime-continents and the western North Pacific, and decreased over the eastern tropical Indian Ocean. For the East Asia region (red boxed area in Fig. 5a and 5b), few significant changes are detected in precipitation. Figure 6 shows ground temperature changes at the 2 m level. One can clearly see the increasing ground temperature for future climate. The increments are much stronger in the winter season. For summer time, warming is strong over the areas of northwest India and central China. In winter, the northern region above 30 o N over the Asian continent shows a strong warming trend. Precipitation and ground temperature have a great impact on human societies. Thus, we perform variability analyses of these variables over East Asia in interannual time scale. To investigate this issue, interannual time-series of precipitation and ground temperature (at 2 m) which are averaged for the East Asia region (red box in Fig. 4a, b) are presented in Fig. 7 . Precipitation in JJA does not show clear decadal changes until 2050. But, the trend of rainfall is clearly an increasing pattern after 2050. For winter season precipitation, no dominant characteristics in future climate are seen. For ground temperature fields, much more distinct changes are detected than in the precipitation field. For both JJA and DJF, clear monotonic increasing trends are captured in the future climate simulation. In JJA, the mean values of the temperature are 22.1 and 24.3 for current and future climate, respectively. In DJF, the temperature changes are more clear, with period mean values of −8.5 and −4.6 for the RSM_20C and RSM_A1B simulations, respectively. This means that surface warming is one of the major responses of the global warming scenario and that the impact of global warming is more distinct in the winter season. However, it does not mean that the surface warming is directly connected to the increase of precipitation over East Asia. Figure 8 shows the seasonal mean field of temperature of the RSM_A1B and the differences between the simulated current and future climates. The outstanding feature of the atmospheric temperature is the warming trend. For JJA, warming is strong over the Asian continent from 30 o N to 40 o N in the lower level (Fig. 8a) . In the upper level, summer season air temperature warming is strong in the lower latitudes (Fig. 8b) . For DJF, the atmospheric response to global warming is similar to that of ground temperature, which is remarkable over the Asian continent in the lower level (Fig. 8c) . In the upper level, the DJF warming trend is similar to JJA, but it is weaker in higher latitude regions. Figure 9 provides the response of geopotential height changes to the atmospheric warming. The JJA geopotential height field at 850 hPa shows height increasing over India, the Tibetan Plateau and the South and East China Seas. In Fig. 9b , the height increase is relatively weak over the northeast China region and strong over the Indian Ocean and the maritime-continent region. In DJF, the lower level trough which centered over the Sea of Okhotsk is weakened (Fig. 9c ). The winter season upper level trough is strengthened by the gradient of height increase which is weak over the core region of the trough and strong over northwestern India and eastern Japan.
Wind field differences are presented in Fig. 10 . In JJA, anti-cyclonic flows are captured at 850 hPa over the tropical Indian Ocean and the South China Sea. The future climate upper level JJA wind field shows the intensified East Asian Jet stream and the westerlies over the Indian Ocean and the maritimecontinent region which reduce the trade wind belt. These differences are close to the height increase as described in Fig. 9 . In winter, the reduced trough over the Sea of Okhotsk at 850 hPa generates anti-cyclonic flows over eastern Japan which reduces wind speed over southeastern Japan and enhances wind speed over the western Pacific. The strengthened trough at the 200 hPa level in DJF shows the enhanced Jet stream which extends from central Asia to Northeast Asia.
Concluding Remarks
In this study, we performed a downscaling of the ECHAM5 simulated dataset for current and future climate, produced under the SRES emission scenario A1B by utilizing the NCEP RSM. For the current climate downscaling, the RSM is properly able to reproduce the climatological fields. Future climate change is presented by the differences of the future climate simulation from the current climate run. In summer season (JJA), rainfall is increased over the areas of Indian Ocean, the Borneo Sea, the western equatorial Pacific, and Japan. In DJF, precipitation is increased over the tropical Indian Ocean, the maritime-continents and the Western North Pacific. Fig. 3a and 3b) .
future climate simulation show a clear increase by about 2 and 4 K for JJA and DJF mean, respectively. Atmospheric temperature fields are increased over almost the entire domain of the regional model. In response to the warming, geopotential height is also increased, which strengthens the upper level trough. These future climate changes of the summer season produce the intensified East Asian Jet and weakened trade wind belt over the Indian Ocean and the maritime-continent region in the upper level. The low level cyclonic structure over the Sea of Okhotsk is weakened in the winter season, which enhances winds over the western Pacific. In the upper level, the Jet stream which extends from Central to Northeast Asia is intensified.
The IPCC A1B scenario assumes a balanced use of all energy sources. Thus, this scenario does not suppose extreme changes in future climate. Nevertheless, the atmospheric fields experienced significant warming and a strengthened trough system over East Asia under the A1B scenario. This may reflect that the East Asian monsoon system, which is one of the most active components of the global climate system, is sensitively affected by global warming.
